The concentration of phytoplankton is often used to assess the ecological status of water bodies; it is determined by the fluorescence intensity of chlorophyll-a, which is located in microalgae cells. Investigators do not usually take into account the effect of the medium on the fluorescence intensity when determining the concentration of phytoplankton. This article describes the use of a fibre-optic spectrometer developed by the authors to identify the relationship between the fluorescence of the chlorophyll-a in phytoplankton cells and under environmental conditions, such as temperature and illumination. A mathematical model is used to calculate the chlorophyll-a concentration based on fluorescence measurements and takes the temperature and amount of light into account. Using the resulting proportionality coefficient can reduce the error in the chlorophyll-a concentration determined using fluorescence methods by a factor of two.
Introduction
The scientists at the Institute of Automation and Control Processes FEB RAS have actively studied phytoplankton fluorescence since 2007 and have developed equipment for performing their studies. Their main objective is to create a universal instrument for monitoring the ecological state of water objects of any complexity based on the concentration of chlorophyll-a, as measured using a fluorescence method. During this time, several options for measuring systems were offered [1, 2] , patents were obtained [3, 4] , and an experimental model of a fluorescence meter was developed. In the period from 2010 to 2013, expeditions in which the device for measuring phytoplankton fluorescence was developed were made.
During the expedition, researchers noted a change in the fluorescence spectra of chlorophyll-a that was associated with changes in environmental parameters, such as the temperature and illumination intensity. Increased water temperature and illumination intensity led to a decrease in the spectral intensity of the chlorophyll's fluorescence. Figs. 1 and 2 show the fluorescence spectra of seawater containing phytoplankton at varying temperatures and illumination intensities.
Fluorescence measurements were carried out using a fluorescence sensor from WetLabs [5] and a submerged fibre-optic module [2] . The concentration was calculated by the formula in (1):
where C is the concentration of chlorophyll-a; K is the constant of proportionality determined by the design of the measuring device; and F is the measured fluorescence intensity. The calculated concentrations were compared with measured concentrations using extract spectrophotometry. When calculating the chlorophyll-a concentration in the natural environment based on fluorescence measurement, there is error due to the dependence of the fluorescence on environmental parameters. The measurements are shown in (Fig. 3) .
As shown in Fig. 3 , when the illumination intensity is changed (as in time interval 9e11), an error occurs in the calculation. Fluorescence measurements indicate that the concentration decreases during this time interval, but extract spectrophotometry dies not detect this decrease in the concentration. The maximum deviation from the mean value of the concentration is equal to 0.16. The value of the maximum error (at 11:00, when the illumination intensity 385 mmol photons/m 2 *s) in the SBE was 0.4 and, for the fibre-optic module, 0.49. To resolve this problem, considering the proportionality factor K as a function that depends on the environmental parameters was proposed. In a number of papers [6, 7] , it is specified that the constant of proportionality (K) has different values depending on the type of phytoplankton present when the water was tested. The observed dependence of fluorescence intensity allows the existence of a functional dependence of the coefficient (K) on the illumination intensity and temperature to be assumed. When this is done, K can be presented by the function in (2):
where s 0 is the constant of proportionality determined by the design of the measuring device and the type of phytoplankton; s 1 (Q) is the function that depends on the illumination intensity; and s 2 (T) is the function that depends on the temperature. The coefficient (K) can be interpreted as a function characterizing the effectiveness of the phytoplankton cells' fluorescence. When K is greater, the intensity of the chlorophyll-a fluorescence is less.
In this article, the authors attempt to reveal the impact of the illumination intensity and temperature on the intensity of fluorescence of chlorophyll-a, which is in phytoplankton cells, and to express K in the form of a function of the temperature and the illumination intensity. To detect the dependence of the fluorescence intensity on the illumination intensity and temperature, a set of experiments was performed. Experiments made with a culture of the microalga Isochrysis galbana that was kindly provided by a laboratory of the Shelf communities of the Institute of Marine Biology to the Far Eastern Branch of the Russian Academy of Science.
The influence of the illumination intensity

Theory
In nature, the parameter that is exposed to the greatest change within a day or with depth is the illumination intensity. The illumination intensity changes with the height of the sun above the horizon and with the atmospheric conditions during the day. In a number of papers [8e10], it is noted that an increase in the illumination intensity leads to a decrease in the phytoplankton's fluorescence because it is bound to increase the amount energy used in cells for a photosynthesis that, as a result, causes photochemical quenching and structural changes in the of chloroplasts. In reference [8] , it is shown that, at critical values of the illumination intensity, the fluorescence reaches a maximum or minimum level, and further increases or decreases in the illumination intensity do not lead to further increases or decreases in the fluorescence.
Experiment
A flask containing a culture of the microalga Isochrysis galbana was placed in a dark chamber and allowed to adapt for 30 min. Then, a light source (a white light-emitting diode) was switched on in the chamber. An important advantage of this light source was that its low power made it unnecessary to actively cool the chamber. The illumination intensity was changed using the amount of current flowing through the light-emitting diode. At current of 700 mA, the measured power of the optical radiation was 1.8 W.
The intensity of the chlorophyll-a fluorescence is defined from the fluorescence spectrum of water (Fig. 4) containing phytoplankton. The received experimental fluorescence values for cultures of Isochrysis galbana are shown in Fig. 5 . The experimental data are approximated well by a straight line, whose equation is given in the graph. The calculated correlation coefficients for the experimental data and the approximation line confirm their high degree of proximity.
The existence of two sites of saturation (at low and high illumination intensities) attracts attention. It confirms the conclusions in paper [11] . When the non-linear effects of saturation are taken into account, the dependence of the fluorescence intensity (f) on the illumination intensity (Q) can be presented in the form of the following set of equation (3):
where Qк= is the value of the illumination intensity at which (f) is stabilized at its maximum level, fmax; Qк=2 is the value of the illumination intensity at which (f) is stabilized at its minimum level, fmin; and k is the constant of proportionality, which, for the linear part of the diagram, is:
The formulation of the coefficient (k) given in (4) allows it to be interpreted as the speed at which the fluorescence changes due to changes in the illumination intensity. A determination of (k) can be easily made by serial measurements of the fluorescence for various amounts of external irradiating for each type of phytoplankton. This coefficient can be used to identify phytoplankton species in water samples. The critical value the illumination intensity and the measured fluorescence intensity will be different for different types of microalgae. In Fig. 5 , the equation of the best-fit line is defined is shown; from this equation, k ¼ À1,66. The saturation sites are clearly visible in the figure; they allow the following parameters to be determined: fmax ¼ 5,8 arb. unit; fmin ¼ 2,7 arb. unit; Qkp2 ¼ 1,9 W; and Qк= ¼ 0,15 W. In the same figure, the reinforced line is built using equation (3) and taking into account these newly determined parameters. The calculated correlation coefficient for the experimental data and the model's results is 0.996, which confirms their high degree of compliance.
Let us define the function s 1 (Q) in equation (2) as a coupling coefficient between the potential (in the dark) value of the fluorescence and the observable amount of fluorescence, i.e.:
Having substituted (3) into (5), we derive an equation for s 1 (Q) in the form of a piecewise-linear function (6):
The influence of temperature
Theory
According to references [12, 13] , the main influence of temperature on chlorophyll-a is not the photochemical quenching of fluorescence. The appearance of temperature-related quenching of fluorescence is caused by an increase in the frequency of molecular collisions that is accompanied by the deactivation of excited levels by radiation less oscillating relaxation of molecules and fall of a fluorescence quantum yield. An increase in temperature must lead to a decrease in the fluorescence intensity of chlorophyll-a and, therefore, must be considered in calculations of the chlorophyll-a concentration when the water temperature changes within a day or when measuring the vertical distribution of phytoplankton. In a few studies, it has been shown that the fluorescence intensity falls of exponentially when the temperature increases. The data obtained are approximated well by an exponential function that allows the dependence of the chlorophyll-a fluorescence intensity to be written down using the temperature (f (T)) given in the following equation (7):
where f 0 is the maximum intensity of fluorescence without temperature quenching; a is the temperature-based fluorescence coefficient; and T is the environmental temperature. If, as in expression (2), s 2 (T) is defined as a coupling coefficient between the potential (without temperature quenching) fluorescence intensity and the observed fluorescence intensity, i. 
Experiment A laboratory experiment was performed to confirm the effect of temperature changes on chlorophyll-a fluorescence. A flask containing a culture of Isochrysis galbana, was cooled to 2 С and placed in a dark chamber in which it was gradually heated to 20 C. To ensure smooth heating, the flask was located in a bottle containing water that was mixed during the heating process. Phytoplankton fluorescence was measured at 680 nm each time the temperature Fig. 6 . The dependence of chlorophyll-a fluorescence on temperature for Isochrysis galbana.
increased by 5 C. The fluorescence spectra were registered using an Andor spectrometer and were processed using the technique described in [6] .
In Fig. 6 , the results of the measurements are shown. They confirm the dependence of chlorophyll-a fluorescence on temperature for three samples containing different concentrations of phytoplankton.
The dependence of the fluorescence on the temperature is approximated well by an exponential function (7), as shown in Fig. 6 . In this figure, the equations of the best-fit exponential curves and their correlation coefficients are shown for each concentration. The coefficient of thermal sensitivity for Isochrysis galbana is approximately e 0.028 ± 0.008.
These results show that it is necessary to take the temperature into account when determining the amount of chlorophyll-a in water, especially when creating vertical distribution profiles when the temperature changes significantly between the surface and the maximum depth.
Calculating the phytoplankton concentration
Coefficient K in the form given in (2) allows the influence of environmental parameters on phytoplankton fluorescence, and, therefore, to determine a more precise value of the chlorophyll-a concentration. Let us consider an application of this technique to the results of daily fluorescent measurements at a station in the Vityaz Bay in September, 2013. In Fig. 7 , the fluorescence and illumination intensities observed data at a depth of 4 m are shown.
The chlorophyll-a concentration was determined using an extract method. Calculation of the concentration of chlorophyll-a was performed using formula (1); therefore, the coefficient K was determined from (2) , and the values of s 1 (Q) and s 2 (T) were calculated using formulas (6) and (9) . The new method of calculating the maximum error in the concentration (at 11:00, when the illumination intensity was 385 mmol photons/m 2 *s) in the SBE was 0.04 and, for the fibre-optic module, 0.09.
Conclusions
In this paper, an experimental verification of the dependence of chlorophyll-a fluorescence on environmental parameters, such as the temperature and the illumination intensity, is presented. Models of these dependences are developed and experimentally confirmed. Analytical forms for calculating a coefficient of proportionality K used for calculating the chlorophyll-a concentration using fluorescence measurements are offered. A practical application of the developed algorithm is shown. The error in the chlorophyll-a concentration calculated using the technique offered in this article is decreased by 5e10 times. The results of this study appear to be very important to studies of the influence of the presence of various organic and mineral substances in water on the internal state of microalgae, which is often a main objective of biomonitoring water areas.
